INTRODUCTION
Cellular solids are essential in structural vibration due to their high strength-to-weight ratio and ability for high energy absorption. This paper describes concepts for digitally designing cellular solids, and demonstrates the ability of this design method for tuning effective material properties for noise and vibration mitigation applications. The designs can be created by defining a complete topology mathematically or by specifying section cut-outs from a solid host material. The digital designs are then analyzed with finite element software to determine effective material properties. This approach is advantageous because it allows for an automated computer procedure for designing and characterizing materials. In addition, resulting designs can be fabricated through either 3D printing processes or CNC milling. In this work, the relationship between geometrical/physical properties and effective static material properties (such as Young's modulus and Poisson ratio) of cellular solids will be discussed for the digital designs, with reference to existing theory. To demonstrate the usefulness of the described method, several cellular solids were 3D printed from PLA and compression tested on an Instron load cell. Comparisons between load cell data and numerical analysis were made for validation.
APPROACH
The main goal of this work is to generate material design curves relating effective mechanical properties to mass properties for cellular structures of varying microstructures. To begin, either an additive or a subtractive model can be constructed. The classification of model type is done corresponding to appropriate manufacturing technique. An additive model is one more readily created through an additive manufacture process, such as extrusion printing. A subtractive model lends itself more toward a traditional CNC milling process, for example drilling out a slotted pattern from a solid cube of material. These models can be created using typical CAD software or by other means such as computer graphics algorithms as described in [1] . Once a solid model is obtained, it is meshed for use in finite element software. For this work, an open source MATLAB meshing toolbox called iso2mesh [2] was used to create full-volume linear tetrahedral meshes. Each mesh was then imported into Abaqus for finite element analysis. A series of static loading scenarios were imposed on each model to estimate homogenized material properties. Finally, material design curves were created using design iterations of a particular structure. Comparisons to experimental data were used for validation. A flowchart of the approach is shown in Fig. 1 .
FINITE ELEMENT ANALYSIS AND HOMOGENIZATION
Finite element analysis was done by first defining a linear elastic material model for all elements comprising the structure. For example if the cellular structure is made out of copper, the linear elastic properties of copper are defined for all elements. It is also assumed that the final calculated homogenized properties represent linear elastic material. A representative volume element (RVE) analysis is carried out by imposing a uniform displacement gradient boundary condition, also known as Taylor boundary conditions, on the boundary nodes of the model. Volume-averaged degrees of freedom are introduced to the system, in addition to all nodal degrees of freedom. The finite element global system of equations is rewritten using the volume-averaged degrees of freedom which can replace all boundary nodes of the structure using relations from the imposed boundary conditions. Solution of the reduced system of equations yields forces for nodal degrees of freedom and volume-averaged stress for the introduced degrees of freedom. Six strain loading scenarios are imposed on each structure, 3 in tension and 3 in shear. Relating the volume-averaged stress to the imposed strain boundary condition for all loading scenarios allows computation of the full 6x6 anisotropic stiffness matrix for the material. Once the stiffness matrix is found, orthotropic and isotropic material models can be estimated by directly equating respective matrices. All finite element analysis was done in Abaqus. The MicroMechanics plug-in was utilized to set up BC constraints and create load cases.
SUBTRACTIVE MODEL
A subtractive model was created by designed a slotted cut-out pattern into a 2" x 2" x 2" block of aluminum (E = 69 GPa, ν = .33), as shown in Fig. 2 (a) . The pattern is unique due to the orientation and size of the slots, and was designed to have a negative Poisson ratio. When extended laterally, the smaller slots tend to become rounder, due to stretching. This, in turn, widens the longer slots which leads to an extension in the longitudinal direction. This is represented in Fig. 2 (b) . The slotted cellular structure was fit to an orthotropic material model and the resulting properties are shown below in Table 1 . From the table, it is seen that the 2 direction is the stiffest for this material, corresponding to the direction of only solid material compression. In the 1-3 direction, the Poisson ratio is negative and has a value -0.1159. 
ADDITIVE MODEL
An additive model was constructed by creating an octahedral lattice with round cross sectional area struts. In order to do a parametric study, six different variations of this structure where designed by keeping strut spacing constant and varying strut diameter. The average orthotropic properties for each structure are plotted in Fig. 3 . The distinct curve trends seen by the plotted points will be discussed in the discussion section. 
EXPERIMENTAL RESULTS
Experimental efforts were focused on measuring Young's Modulus for the octahedral lattice. Five distinct octrahedral geometries were 3D printed from PLA. Relative density was calculated by weighing the samples and measuring the length dimensions to calculate volume. To estimate Young's modulus, force and axial displacement were measured by the Instron load cell during a compression test with a rate of .1 mm/s. Tests were manually stopped after yield point. An average stress was calculated assuming the force acted over the entire area of the structure. Likewise, an average strain was calculated, assuming the strain was averaged along the length of the structure. There is a distinct linear regime from which the Young's modulus can be calculated, as seen in Fig. 4 . This was done for all 5 of the 3D printed structures. Lastly, one more test was done. A dogbone shaped sampled was 3D printed in the same manner from PLA. This sample was tested in tension to get an estimate of the Young's modulus of 3D printed, layered PLA. The value measured was E P LA = 2038 MPa. This value was used to calculate relative Youngs modulus, for comparison to numerical and analytical results.
DISCUSSION
The most well known theory relating effective mass properties to mechanical properties of cellular solids is the Gibson and Ashby model [3] . Through bending and scaling arguments, it can be derived that the relative Young's modulus is directly proportional to the relative density squared. In Fig. 5 the Gibson and Ashby model is plotted along side the numerical and experimental data for the octahedral lattice. The curve in orange represents a quadratic fit to the FEA points and has the following form: Both the numerical and experimental points fit quite well to this curve and it is seen that there is a noticeable offset from the Gibson and Ashby model. This is attributed to an additional stiffness from stretching or axial deflection of the structure, and is represented by the linear relative density term in Equation 1. The relative values between linear and squared relative density term coefficients gives insight into the dominant deformation mechanisms. Both coefficients will add up to nearly unity. For the pure bending structure, the coefficient of the relative density squared term will be also equal to unity and there will be no linear relative density term. For the octahedral lattice, it is seen that the structure is still a bending dominated structure because it has a larger coefficient to the bending (squared) term. However there is some contribution to axial deflection. This particular quadratic trend is unique to this lattice structure. It can be imagined that different geometries will behave differently in mechanical deformation and thus there can be a wide possible range of effective moduli for different structures.
CONCLUSION
Subtractive and additive models were used to create various cellular structures. Design curves were generated by finite element analysis and compared to experimental measurements and analytical solutions. Numerical and experimental results were found to have excellent agreement. Such design curves can be used fabricate materials with tunable stiffness and mass properties for use in sound and vibration applications.
